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High-Shear Low-CAPE (Convective Available Potential Energy) (HSLC) Tornado
Outbreaks (TOs) are a specific subset of TOs that occur each year, primarily East of the Rocky
Mountains. This study looks to define HSLC TOs with the use of quartiles of the most supported
shear and CAPE measure, create a climatology of HSLC TOs, and to give a better description of
the synoptic-scale patterns associated with HSLC TOs. Statistical analysis of quartiles and inner
quartile range (IQR) were conducted to see which is the best measure. Ultimately, Mixed-layer
CAPE (MLCAPE) and 0-3km shear were used due to past support and were used to define
HSLC TOs. Bootstrapping was conducted, and compositing was created for each of the five
regions. Bootstrapping between some regions showed statistical significance, and some of the
composites matched up closely to what was seen in past HSLC research.
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CHAPTER I
INTRODUCTION
The Glossary of Meteorology (Glickman, 2000) describes a tornado outbreak (TO) as
“multiple tornado occurrences within a single synoptic-scale system.” This is considered a
widely accepted definition of a TO, with many sources using this definition (Grazulis, 1993;
Glickman, 2000; Doswell et al. 2006; Mercer et al. 2009; Shafer & Doswell, 2011; Mercer et al.
2012; Fuhrmann et al. 2014). However, other definitions still exist.
Past definitions of TOs require between six and ten tornadoes (Pautz, 1969; Galway,
1975; Galway, 1977; Grazulis, 1993; Doswell et al. 2006; Mercer et al. 2009; Shafer & Doswell,
2011; Mercer et al. 2012; Fuhrmann et al. 2014). There also exists categories of TOs including
those defined in Pautz, 1969. Pautz (1969) categorized TOs based on number of tornadoes with
small (6-10 tornadoes), moderate (11-20 tornadoes), and large (>20 tornadoes). Later, Galway
(1977) created three different categories of TOs including a local outbreak (1000 miles in
diameter), a progressive outbreak (moves from west to east), and a line outbreak (occurs within a
small corridor, and usually oriented from south to north). This approach breaks down TO types
based off storm movement and relative size without including severe weather parameters. More
recently, Mercer et al. (2012) compared composites of TOs and Non-Tornado Outbreaks
(NTOs). Within the research at 500mb there was typically a deeper trough and stronger relative
vorticity, than NTOs. At 850mb, the low-level trough, moisture, and lapse rates are all more
amplified than NTOs. A separate approach calculated Fujita miles, which is the integration of the
1

Fujita scale rating of a tornado divided by the distance the tornado traveled (Fuhrmann et al.
2014). Fujita miles enables a cumulative rating that can be compared to other TOs to determine
if one TO was stronger than another, which is very advantageous for determining TO severity.
Variation is also found in past studies based off what scale a TO occurs on (Pautz, 1969;
Galway, 1975; Galway, 1977; Grazulis, 1993; Doswell et al. 2006; Mercer et al. 2009; Shafer &
Doswell, 2011; Mercer et al. 2012; Fuhrmann et al. 2014). The two main scales described in
these past studies are TOs occurring on the synoptic-scale or mesoscale. Synoptic-scale TOs
have to occur in association with a large-scale synoptic system (order of thousands of miles) to
be considered an outbreak (Figure 1.1) (Grazulis, 1993; Glickman, 2000; Doswell et al. 2006;
Mercer et al. 2009; Shafer & Doswell, 2011; Mercer et al. 2012; Fuhrmann et al. 2014).
Mesoscale TOs occur on a scale ranging on the scale of hundreds of miles (Figure 1.2) (Shafer &
Doswell, 2011; Mercer et al. 2011; Mercer et al. 2012; Fuhrmann et al. 2014). Therefore, some
TOs are missed when employing the synoptic-scale definition. TOs also vary depending on
temporal analysis. Past research has looked at TOs on time-scales of 24 hours, 48 hours, and 72
hours, and also if all the tornadoes in TO occurred between the start and end time (Doswell et al.
2006; Mercer et al. 2009; Shafer & Doswell, 2011; Mercer et al. 2012).

2

Figure 1.1

Storm Reports from the April 27th, 2011 Tornado Outbreak

3

Figure 1.2 Storm Reports from the August 24th, 2016 Tornado Outbreak

Nevertheless, to combat this, some past studies have defined TOs using Kernel Density
Estimation (KDE) (Shafer & Doswell, 2010; Shafer & Doswell, 2011; Mercer et al. 2012). KDE
is effective with days having multiple clusters of severe weather but is limited when events occur
at the end of one period and beginning of another, due to the possibility of underestimation of the
KDE (Shafer & Doswell, 2011). KDE is further limited when multiple events occur in the same
region within the 24-hour clustering period (Shafer & Doswell, 2011). Most TOs occur in the
spring and summer months across the United States, yet some TOs still occur during the cool
season. Thunderstorm climatology is the lowest during the cool season (Smith et al. 2012).
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However, given the inconsistencies in TO definitions, this study will define a TO as six or more
tornadoes occurring within 24 hours and over a confined area with a diameter equal to or less
than 750 miles (Shafer & Doswell, 2011; Mercer et al. 2011; Mercer et al. 2012; Fuhrmann et al.
2014).
A specific subset of all TOs is High-shear Low-CAPE (HSLC) TOs (Sherburn & Parker,
2014a). It is widely believed that shear is the main driver in these outbreaks, and they often occur
along a strong cold front with a 500mb and 250mb trough that is neutrally or negatively tilted
(Sherburn & Parker, 2016). This type of TO often occurs during the cool-season, and/or
overnight, when severe weather awareness is lowest (Sherburn & Parker, 2014a, Sherburn et al.
2016). Convective Available Potential Energy (CAPE) values are lowest overnight because the
ground cannot be significantly heated without sunlight. These outbreaks will be the focus of this
study because of the higher associated risks than a normal TO (Sherburn & Parker 2014a,
Sherburn et al. 2016).
The Role of CAPE in Convective Severe Weather
Certain environmental characteristics of TOs increase the likelihood of tornadogenesis.
Convective Available Potential Energy (CAPE) is a necessary ingredient for thunderstorm
formation as it quantifies the available energy resulting from conditional instability in the
atmosphere. Surface-Based Convective Available Potential Energy (SBCAPE) is the total
amount of potential energy available to a parcel lifted from the surface to the level of free
convection (LFC). Mixed-Layer Convective Available Potential Energy (MLCAPE) represents
the mean potential energy available to a parcel of air located in the lowest 100mb when lifted to
the level of free convection (LFC). Additionally, MLCAPE has no parcel entrainment, and the
CAPE and CIN calculations use the virtual temperature correction. This would, therefore, give a
5

more realistic instability profile due to daytime mixing of the planetary boundary layer (PBL)
(Kirkpatrick et al. 2011).
An idealized simulation of CAPE on storm structure by McCaul & Weisman (2001)
found that profiles with bulk CAPE ≤ 800 J/kg produced intense storms in the presence of large
low-level wind shear (0-3km shear ≥ 18m/s). Additionally, Kirkpatrick (2011) found similar
results, highlighting the importance of CAPE concentration in the lowest levels, where the lowlevel CAPE can still lead to the formation of strong updrafts and rotation. Moreover, Davies
(2002) found that as 0-3km CAPE increases the likelihood for tornadogenesis also increases
(Figure 1.3a).

Figure 1.3a

Shows the association between 0-3km CAPE and tornadoes.
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Figure 1.3b

Shows the association between LCL heights and significant tornadoes.

Research on Global CAPE climatology indicates a strong correlation between CAPE and
moisture availability in the United States (Riemann-Campe et al. 2009). It suggests that CAPE is
dependent on the moisture available, depth of the CAPE layer, and height where CAPE is being
found (Riemann-Campe et al. 2009). The highest CAPE values seen across the Great Plains
region occurred during the months of March, April, and May, coinciding with the highest
moisture availability near the surface, and cool dry air aloft (Riemann-Campe et al. 2009). The
variance of CAPE across the Great Plains is more than the Southeastern United States,
supporting that the upper-levels are warmer in the Southeast when compared with the Great
Plains (Riemann-Campe et al. 2009). Therefore, the warmer upper-levels explains why CAPE
variance is lower in the Southeast United States.
7

Furthermore, moisture, and specifically low-level moisture (700mb or lower) is important to
tornado formation. Surface dewpoints and 850mb dewpoints appear to be the most important as
shown by Grams et al. (2012), where they found a mean increase in 850mb dewpoint of 3.3°C
from 12 hours before initial tornado time. This establishes that although low-level moisture can
be augmented by local sources, the synoptic-scale pattern is likely the largest contributor to lowlevel moisture distributions through horizontal advection from warm ocean source regions
(Grams et al. 2012). Related to CAPE and moisture are the lifted condensation level (LCL) and
level of free convection (LFC). LCL is the level at which a parcel can rise before saturation
occurs (100% relative humidity), while the LFC is the level at which a saturated parcel first
becomes warmer than the surrounding atmosphere (unstable). Prior research has shown that the
lower LFC and LCL heights lead to a higher chance of tornadogenesis because they provide
much needed moisture to the updraft (Figure 1.3b) (Davies, 2002).
The Role of Shear in Convective Severe Weather
Shear is also very important for TOs and is a measure of wind speed and/or direction
across three dimensions. There are many ways to measure shear in the atmosphere, however the
most common measures are 0-1km shear, 0-3km shear, 0-6km shear, and effective bulk wind
difference (EBWD). 0-1km shear is the measure of the difference from the surface to 1km above
ground level (AGL). 0-3km shear and 0-6km shear is the same as 0-1km shear, but for 0-3km
and 0-6km AGL. EBWD represents the wind difference from the effective inflow base (effective
layer) upward to 50% of the equilibrium level height for the most unstable parcel in the lowest
300 mb (Thompson et al. 2004). Furthermore, Thompson et al. (2004) determined EBWD more
adequately discriminates between surface-based convection and elevated convection while
accounting for storm depth. By starting the effective shear calculation at the most unstable parcel
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height, the effective shear avoids inclusion of large low-level shear that may not be associated
with any buoyancy (Thompson et al. 2004). That demonstrates a more reasonable estimation of
the vertical shear relevant to elevated supercells, and surface-based supercells alike (Thompson
et al. 2004). In addition, EBWD can “miss” favorable environments because some environments
do not have an effective layer. This is exemplified with certain TOs occurring at night, with little
to no CAPE.
Most TOs are associated with large amounts of CAPE (MLCAPE ≥ 2000 J/kg) and
relatively large directional shear (0-6km BWD ≥ 18 m/s), particularly when they occur in the
Great Plains (Rasmussen et al. 1998; Thompson et al. 2003; Thompson et al. 2007; Verbout et al.
2006; Mercer et al. 2011; Mercer et al. 2012; Elsner et al. 2015; Tippett et al. 2016; Tochimoto et
al. 2016). In addition, supercells become more probable as the EBWD increases in magnitude
through the range of 25-40 kt (13-21 m/s) and greater (Thompson et al. 2004; Thompson et al.
2007). This is also illustrated with greater 0-6km bulk shear magnitudes in the TOs when
compared with the NTOs and in idealized simulations of high-shear low-CAPE (HSLC) events
(McCaul & Weisman, 2001; Kirkpatrick 2011; Mercer et al. 2012). Furthermore, Grams et al.
(2012) found that both low-level and mid-level shear values were substantially greater for
significant tornado events than those that were not significant.
Role of CAPE and Shear on HSLC TOs
Not all TOs are associated with high CAPE but instead are primarily driven by elevated
shear values. These TO types are known as High Shear Low CAPE (HSLC) TOs and can be
challenging to predict owing to the small-scale kinematic and thermodynamic processes that
influence these events, which are difficult to forecast (Davis & Parker, 2014; Sherburn & Parker,
2014a; Sherburn & Parker, 2014b, Sherburn & Parker, 2016). Past research (Davis & Parker,
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2012; Davis & Parker, 2014; Sherburn & Parker, 2014a; Sherburn et al. 2016; and King et al.
2017) has shown that HSLC outbreaks are most common during the fall and winter months.
Moreover, HSLC TOs are most common in the Southeastern and Mid-Atlantic United States
(Davis & Parker, 2014; Sherburn & Parker, 2014a; Sherburn et al. 2016). This elevated HSLC
risk, which complicates TO forecasts in these regions, is coupled with an increased vulnerability
to tornado deaths in the Southeast U.S. due to a series of physical and sociological variables
(Ashley, 2007; Ashley et al. 2008). Recently, Childs et al. (2018) made the startling discovery of
a significant increase in tornado counts during the fall and winter months in the Lower
Mississippi Valley, centered in Tennessee (shown using a trend line with a slope of 0.488
tornado increase, or amounting to an increase of approximately one tornado every two cold
seasons). Given that this region has one of the highest societal vulnerabilities in the country, an
increase in cold-season tornado activity poses many risks, and warrants investigation into the
meteorological processes associated with the HSLC TOs (Ashley, 2007; Ashley et al. 2008;
Strader, 2017; Childs et al. 2018).
High-Shear Low-CAPE Diagnostics
Past definitions of HSLC severe weather events also vary from study to study, making it
hard to discern what definition is the best for HSLC TOs. Some of these past definitions include:
•

SBCAPE ≤ 500 J/kg, MUCAPE ≤ 1000 J/kg, and 0-6km bulk shear vector

magnitude ≥ 18m/s (Davis & Parker, 2012; Davis & Parker, 2014; Sherburn & Parker,
2014a; Sherburn et al. 2016).
•

SBCAPE ≤ 500 J/kg, MLCAPE ≤ 1000 J/kg, and 0-6km bulk shear ≥ 18m/s

(Sherburn et al. 2016).
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•

SBCAPE ≤ 1000 J/kg and 0-3km bulk shear vector mag ≥ 18m/s (King & Parker

2017).
HSLC severe weather outbreak data was gathered by 11 National Weather Service
(NWS) Weather Forecasting Offices (WFOs) across the Southeast and Mid-Atlantic, with the
goal of obtaining better forecasting and understanding of HSLC events (Sherburn & Parker
2014a). Their results found that the HSLC significant tornado maximum was concentrated in the
Lower Mississippi Valley [LMV] and commonly occurred between the months of February and
April (Figure 1.4) (Schneider et al. 2006; Sherburn & Parker, 2014a). In addition, in the eastern
United States, elevated mixed layers are rare compared to the Plains, so steep low-level lapse
rates (LLLRs, 850mb), and lapse rates at 750mb (LR750) have shown high correlation with
significant severe weather outbreaks (Banacos & Ekster 2010; Sherburn & Parker, 2014a). Other
studies have also noted that steep lapse rates corresponded to a higher possibility of
tornadogenesis (Parker, 2012).
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Figure 1.4

(a) HSLC significant severe reports without the MUCAPE criterion, (b) all HSLC
significant severe reports (c) all HSLC significant tornado (≥ EF2) reports.
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In addition to 0-3km LRs, LRs at 750mb use the LRs between 700-500mb (also referred
to as mid-level lapse rates) (Sherburn & Parker, 2014a). LRs between 700-500mb are used to
classify regions where deep convection is more probable, and steeper lapse rates correspond to
the possibility of larger CAPE and stronger storm updrafts (Sherburn & Parker, 2014a). Due to
the short height of HSLC thunderstorms, it has been noted that LLLRs and the Lapse Rates
between 700-500mb (LR750) are crucial for momentum transfer in HSLC events (Sherburn &
Parker, 2014a). HSLC thunderstorms are typically only 20-30 thousand feet tall, making some
features and rotation on radar harder to see (Davis & Parker, 2012; Davis & Parker, 2014;
Sherburn & Parker, 2014a). Furthermore, Parker (2012) found that stability in the lowest levels
of the atmosphere was key in tornadogenesis in idealized storms. Therefore, as low-level
stability decreased (steeper LLLRs), the likelihood of tornadogenesis increased (Parker, 2012).
There is little research regarding the environment preceding HSLC convection and the
impacts of both synoptic, and mesoscale forcing on the severity of the convection, but there still
is some widely-supported research on the entire subject of HSLC events (Sherburn & Parker,
2014b). In a schematic showing the average synoptic setup during a HSLC event, a progressive
and negatively tilted upper-level trough is present (Figure 1.5). In addition to the favorable
upper-level trough, there is usually a favorable jet streak location (both exit regions) (Sherburn &
Parker, 2016). Strong Low-Level Jets (LLJs) are usually observed in the hours leading up to a
HSLC event, along with Warm Air Advection (WAA) and forcing for ascent (Sherburn &
Parker, 2014b). In addition to strong deep-layer shear vector magnitude, low-level winds and
shear are intense, with low-level jets (LLJs) commonly reaching 25-30 m/s (Lane & Moore,
2006). In the Southeast United States strong synoptic-scale forcing for ascent is present,
including a potent upstream vorticity maximum at 500hPa, strong Low-Level Warm Air
13

Advection (LL WAA), and a surface cyclone centered just north of the composite center
(Sherburn et al. 2016). LLLRs and Effective Bulk Wind Difference (EBWD) appear in almost
every skillful composite parameter, thus suggesting they are crucial for HSLC environments
(Sherburn & Parker 2014a; Sherburn et al. 2016). In addition, the knowledge surrounding the
role of shear vector orientation relative to either synoptic-scale or mesoscale boundaries, both in
deep and shallow layers remains limited (Sherburn & Parker, 2014b).

Figure 1.5

Illustrates a synoptic schematic of HSLC severe vs non-severe events.
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Synoptic-Scale Features and Influence on Tornado Outbreaks
Fawbush (1951) conducted research on synoptic-scale variables that influence tornado
environments. A more recent study indicated that locations under the right entrance or left exit
region of a jet streak can lead to a higher risk of a TO (Rose et al. 2004). That same study found
that the left exit region had the most significant tornadoes (F/EF1 or greater) (Rose et al. 2004)
due to the indirect thermal circulation in that jet streak region enhancing convective activity.
Likewise, Mercer et al. (2011) found that an upper-level trough was commonly located
west of an expected outbreak, with the corresponding TO occurring in the left exit region of a jet
streak. The location of the upper-level trough and related surface low pressure center provides
synoptic-scale rising motion to enhance cyclogenesis, which in turn could result in a TO in the
resulting cyclone’s warm sector. Additionally, warm air advection (WAA), differential cyclonic
vorticity advection (CVA), and moisture advection from the Gulf of Mexico were all considered
important TO ingredients (Mercer et al. 2011). Mercer et al.’s (2011) findings were compounded
upon one year later when they developed synoptic composites of tornadic (TO) and non-tornadic
(NTO) outbreaks, noting that the TO composites had stronger dynamic components than the
resulting NTO composites (Mercer et al. 2012). Their work also showed via weather research
and forecasting (WRF) model simulations that the TOs experienced greater 0-6km bulk shear
magnitudes and greater 0-1km Storm-Relative Energy Helicity (SREH) (Mercer et al. 2012;
Powers et al. 2017).
This result is important when considering HSLC TOs since these events are characterized
by a strong 0-6km bulk shear vector magnitude ≥ 18m/s (Davis & Parker, 2014; Sherburn &
Parker, 2014a; Sherburn & Parker, 2016). Schneider et al. (2006) concluded that environments
with less than 1000 J/kg of mixed layer CAPE (MLCAPE) and over 18 m/s of 0-6km shear often
15

occurred in the southeastern United States and were accompanied by low lifted condensation
levels (LCLs). This is a key subclass of severe weather in the country, and accounts for more
significant tornadoes than the entire Great Plains environment characterized by MLCAPE over
2000 J/kg (Schneider et al. 2006).
Study Objectives
Even though the HSLC definitions shown above have been useful in the Southeastern and
Mid-Atlantic United States, they have not been useful in the entire Great Plains region of the
United States (Sherburn & Parker, 2014a; Sherburn & Parker, 2016). This is due to the past
research on HSLC TOs in the Great Plains where the researcher was not able to define what a
HSLC severe weather outbreak is. However, Sherburn et al. (2016) did attempt to filter out truly
high-CAPE environments with the use of HSLC severe weather outbreaks having SBCAPE ≤
500 J/kg, MLCAPE ≤ 1000 J/kg, and 0-6km bulk shear ≥ 18m/s. The universal HSLC severe
weather outbreak definitions have their limitations due to how environmental characteristics vary
across the United States (Sherburn & Parker 2014a; Sherburn et al. 2016).
Therefore, regionalization will be utilized because the ingredients to get a tornado
outbreak vary depending on location and time of occurrence. In addition, there is no shear
climatology across the United States; however, past research on the global CAPE climatology
showed that CAPE values varied immensely across the United States depending on time of year,
time of day, and by region (Reimann-Campe et al. 2009). This study will create a climatology for
all TOs in each of the five geographic regions (described below), a regional definition of HSLC
outbreaks in each of the five regions, and a climatology of all HSLC TOs in each of the five
regions. It will also directly address this limitation in characterization of HSLC TOs across five
different regions in the United States and create synoptic composites of HSLC TOs within those
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regions specified below (Figure 1.6). Thus, composites will be used to quantify typical variable
values for each of the regions.

Figure 1.6

Regions that will be used for this study.
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CHAPTER II
DATA AND METHODS
Datasets and Study Period
The Storm Prediction Center (SPC) provides tornado reports from 1950 to present
(https://www.spc.noaa.gov/wcm/), and an outbreak database developed by Shafer & Doswell
(2011) has been updated to cover the period 1960-2017. This dataset contains almost 8000
severe weather outbreaks. Within the 8000 severe weather outbreaks some of the information
embedded included: date, peak time, start time, end time, tornado reports, hail reports, and wind
reports. This severe weather outbreak project aimed to link the tornado reports with the
associated outbreak from Shafer & Doswell (2011).
An outbreak centroid was defined as the average latitude and longitude of all tornadoes in
a single outbreak. If Shafer & Doswell’s (2011) database found tornadoes within 750 miles of
the outbreak center, that occurred in between the start and end time of severe weather events,
they were added to the project database. This research used the same approach, where a database
of tornado reports accompanied each of the 8000 outbreaks, and if the tornadoes occurred
between the start and end date and time from the outbreak database and fell within 750 miles of
the outbreak center, a file containing all tornado information (latitude, longitude, date, time,
magnitude, etc.) was created for that outbreak. The average number of tornadoes per outbreak in
each region is as follows: Southern Plains - 15.5, Lower Mississippi Valley - 20.84, South
Atlantic - 16.75, Northern Plains - 11.79, and Upper Midwest - 16.36.
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Data Organization
Once the results were filtered to TOs with six or greater tornadoes, the TO database
contained just over 2000 TO cases. The North American Regional Reanalysis (NARR) data
(Mesinger et al. 2006) was retrieved and included five variables of both the isobaric (surface)
and monolevel (3D) data. The NARR data is on a 32km by 32km grid and has 3-hour intervals
that span across North America. The NARR data is very useful for atmospheric science, but it
does not come without bias. Some bias found in the past include overestimation of temperatures
throughout the entire pressure levels, overestimation of wind speeds throughout the entire
pressure levels, slight overestimation of surface temperatures, slight underestimation for 10m
wind vectors during winter and summer months, slight underestimation of moisture budget
across portions of the South Atlantic and mountain west, and a moderate overestimation of
moisture budget along the Pacific Northwest (Mesinger et al. 2006). Even with these biases
NARR data have been shown to render processes on both the mesoscale and synoptic scale
effectively (Mesinger et al. 2006).
Five variables for the pressure data were needed: geopotential height, zonal wind (Uwind), meridional wind (V-wind), air temperature, and specific humidity. Five variables for the
monolevel data were needed: 2-meter air temperature, surface pressure, 2-meter specific
humidity, U-wind at 10 meters, and V-wind at 10 meters. These ten variables were used to create
the necessary soundings, find the CAPE values, and find the shear values, all for analysis.
Soundings were created from the isobaric and monolevel data at the NARR gridpoint nearest the
TO centroid for each outbreak, and different measures of CAPE and shear were computed from
this sounding for each outbreak. This included the date, peak time, latitude, longitude, SBCAPE,
MLCAPE, 0-6km shear, 0-3km shear, 0-1km shear, and EBWD.
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Each case was given its respective region values (1 - SP, 2 - LMV, 3 - SA, 4 - NP, 5 UM) and is based on the TO centroid latitude and longitude and is similar to Figure 1.6. The
latitude cut off of 40°N, and longitude cut offs of 106°W, 95°W, and 85°W were created. TOs
that occurred outside of any of the five regions were not included. Quartiles were then computed
for both shear and CAPE for each of the five regions to establish a region-specific definition for
HSLC (discussed below). Q1 of CAPE, and Q3 of shear are being used to define HSLC TOs
because using quartiles better epitomizes what CAPE and shear values define a HSLC TO in
each of the five regions, as CAPE and shear values vary across the United States and seasonally
(Reimann-Campe et al. 2009; Thompson et al. 2009). The TO database was corrected for
between 1979-2017 (due to NARR data availability) and only those that occurred in the five
regions, there were 861 cases across the five regions (Table 2.1).
Table 2.1

Shows the sample sizes for all TOs in each of the five regions.

Southern Plains
N = 298

Lower Mississippi
Valley
N = 251

South Atlantic

Northern Plains

Upper Midwest

N = 44

N = 169

N = 99

Statistical Analysis Methodology
The five variables used for statistical analysis included: SBCAPE, MLCAPE, 0-6km
shear, 0-3km shear, and 0-1km shear. These variables were calculated so that the distribution of
each in the five regions was found. For the two different CAPE measures and three different
shear measures, quartiles, and inner quartile range (IQR) were all calculated for each of the five
regions. The variables listed above were tested for any sensitivities with HSLC TOs using
different measures of CAPE and shear. Of note, the EBWD was ultimately not used as several
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cases had no CAPE and therefore no effective layer. MLCAPE and SBCAPE were calculated
and tested to see which is more accurate, by seeing which better represents overall instability in
the atmosphere. It is thought that MLCAPE is better at distinguishing HSLC environments
because past research from Sherburn & Parker (2014), Sherburn et al. (2016), and King et al.
(2017) state the MLCAPE calculation does a better job with representing daytime instability in
the PBL, which would subsequently be used by the storms later on. 0-1km shear, 0-3km shear, 06km shear, and EBWD will all have their quartiles and IQR calculated. However, skill statistics
from Sherburn & Parker (2014) and Sherburn et al. (2016) showed that 0-3km shear is just as
skillful as other shear versions used (0-6km shear and EBWD), 0-3km shear will probably be
used for this research. Around each of the HSLC cases, a 41 x 41 grid was centered on the
outbreak centroid using NARR data in all directions to explore each outbreak environment. Then
the outbreak data selected the nearest 3-hourly time from the NARR data using the valid times of
the TOs.
Bootstrap re-sampling will be done to provide an estimate of the sampling population of
the computed statistics. Bootstrapping using confidence intervals utilizes random sampling with
replacement (resampling), to assign a measure of accuracy for the datasets being compared. This
estimates the properties of the confidence interval by measuring the properties of sampling from
an approximating distribution. A confidence interval of 95% (α = 0.05), and 1000 resamples will
be used for each of the five regions. This was done on both the MLCAPE and 0-3km shear of the
HSLC TOs in each of the five regions to establish if there was any statistical significance (Table
2.2). Using a permutations test, statistical significance would be found if the median of one
bootstrapping dataset is outside the range of the other dataset’s confidence interval and vice
versa.
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Table 2.2

Illustrates the sample sizes for HSLC TOs used in bootstrapping analysis.

Southern Plains
N = 39

Lower Mississippi
Valley
N = 23

South Atlantic

Northern Plains

Upper Midwest

N=6

N = 12

N=8

Compositing Limitations
Composites will be made using the cases that met the regional definitions of HSLC TOs.
Compositing is very useful for synoptic-scale characterization of TOs; however, it does not come
without caveats. One issue with compositing is that features will be smoothed out, potentially
missing key features in individual cases. The high and low end events get lost in the analysis,
where something in between may not be fully representative of the data. For example, if one
region had 20 outbreaks, where 10 occurred during a positively tilted trough at 250mb, and 10
occurred during a negatively tilted trough at 250mb, then the smoothing of compositing would
result in a trough somewhere in between that could not be fully representative of the data.
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CHAPTER III
RESULTS
TO Climatology
The total number of TOs across all five regions came out to 861. The SP had 298 TOs,
the LMV had 251 TOs, the SA had 44 TOs, the NP had 169 TOs, and UM had 99 TOs. The SP
and LMV have over half of the TOs, which is unsurprising due to the fact that past
climatological tornado research has shown that “traditional tornado alley” and “dixie alley” have
the most tornadoes, tornado days, and tornado outbreaks (Dixon et al, 2011; Fuhrmann et al.
2014; Farney & Dixon, 2015; Moore, 2017; Moore, 2018).
Valid Times of All TOs
The vast majority of all TOs in each region occurred between 1800 UTC and 300 UTC,
with a peak in TOs at 2100 UTC (Table 3.1, and Figure 3.1).
Table 3.1

Displays the number of TO cases and the percent between 1800-300 UTC.
Southern
Plains

Number of TO Cases
% between 1800-300 UTC

N = 298
96%

Lower
Mississippi
Valley
N = 251
81%
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South
Atlantic

Northern
Plains

Upper
Midwest

N = 44
77%

N = 169
95%

N = 99
93%

Figure 3.1 Valid times of peak activity in all TOs across each of the five regions.

This is somewhat consistent with Mercer & Bates (2019), who determined that the peak
for their three classes of TOs was at 2100 UTC, and 80% were between 1800 UTC and 0000
UTC. Interestingly enough, the regions with the lowest percentage between 1800 UTC and 300
UTC are the LMV and SA, which suggests that nocturnal TOs are more common in those two
regions of the United States because they have the highest percentage of TOs occurring during
morning hours. This is consistent with Kis & Straka (2010) and Childs et al. (2018), who found
that the nocturnal tornado events in the cool season commonly occurred in the Southeast United
States. Kis & Straka (2010) also found that the nocturnal tornadoes were often associated with a
synoptic-scale low pressure system, a strong LLJ, large low-level shear, and large effective storm
relative helicity (SREH). Additionally, Sherburn & Parker (2014a), Sherburn et al. (2016), and
King et al. (2017) all found that HSLC events that occurred overnight were most common in the
LMV and SA. This corroborates with Ashley et al. (2007), who previously found that the
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Southeast United States is more vulnerable to nocturnal tornado deaths due to a series of
psychological and sociological variables.
Climatology of CAPE and Shear
Statistical analysis of the two CAPE measures and three shear measures were conducted
to determine which of each measure was the “best” at defining HSLC TOs for each of the five
regions. Five number summaries and the IQR was then calculated for each of the five regions
(Tables 3.2-3.6, Figures 3.2-3.6).
Table 3.2

Shows the percentage statistics and IQR of the two CAPE measures and three
shear measures in the Southern Plains (SP).

QUARTILES 0%
25%
50%
75%
100%
IQR
SBCAPE
0.00
1598.53
2405.68
3349.39
7316.7
1750.86
MLCAPE
-0.85
1175.46
1629.61
2564.49
5290.81
1739.02
0-1km Shear
0.34
2.16
4.69
8.30
21.49
6.14
0-3km Shear
2.25
10.94
14.28
17.80
29.56
6.86
0-6km Shear
0.35
18.09
21.86
26.37
43.27
8.28
It also highlights the lowest quartile of MLCAPE, and highest quartile of 0-3km Shear that will
be used to define HSLC TOs in the SP.
Table 3.3

Shows the percentage statistics and IQR of the two CAPE measures and three
shear measures in the Lower Mississippi Valley (LMV).

QUARTILES 0%
25%
50%
75%
100%
IQR
SBCAPE
-0.21
750.92
1920.73
3013.33
7519.9
2262.41
MLCAPE
-0.96
264.78
930.92
1733.68
5291.27
1468.89
0-1km Shear
0.32
5.91
9.87
15.03
21.19
9.13
0-3km Shear
5.33
13.92
17.27
20.39
34.47
6.46
0-6km Shear
6.65
20.67
25.66
29.97
49.31
9.30
It also highlights the lowest quartile of MLCAPE, and highest quartile of 0-3km Shear that will
be used to define HSLC TOs in the LMV.
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Table 3.4

Shows the percentage statistics and IQR of the two CAPE measures and three
shear measures in the South Atlantic (SA).

QUARTILES 0%
25%
50%
75%
100%
IQR
SBCAPE
0.00
455.21
780.17
1793.03
3420.20
1337.83
MLCAPE
0.00
28.50
210.37
696.29
1915.04
667.79
0-1km Shear
0.98
5.70
10.25
14.06
29.92
8.36
0-3km Shear
7.15
14.40
17.62
20.80
36.61
6.40
0-6km Shear
11.23
18.05
22.38
26.22
40.49
8.17
It also highlights the lowest quartile of MLCAPE, and highest quartile of 0-3km Shear that will
be used to define HSLC TOs in the SA.
Table 3.5

Shows the percentage statistics and IQR of the two CAPE measures and three
shear measures in the Northern Plains (NP).

QUARTILES 0%
25%
50%
75%
100%
IQR
SBCAPE
0.00
1745.48
2570.66
3705.83
7398.31
1960.35
MLCAPE
0.00
1001.78
1758.66
2735.73
2676.34
1733.96
0-1km Shear
0.27
2.60
4.44
7.05
19.63
4.44
0-3km Shear
4.95
10.90
14.05
17.22
31.64
6.32
0-6km Shear
5.97
17.37
21.57
25.98
37.19
8.61
It also highlights the lowest quartile of MLCAPE, and highest quartile of 0-3km Shear that will
be used to define HSLC TOs in the NP.

Table 3.6

Shows the percentage statistics and IQR of the two CAPE measures and three
shear measures in the Upper Midwest (UM).

QUARTILES 0%
25%
50%
75%
100%
IQR
SBCAPE
0.00
1884.03
2871.11
4173.31
7016.06
2289.28
MLCAPE
0.00
867.67
1743.93
2569.38
5067.51
1701.71
0-1km Shear
0.57
4.06
6.23
9.94
16.34
5.88
0-3km Shear
1.72
12.63
15.46
17.84
26.60
5.22
0-6km Shear
4.72
17.37
21.44
24.33
50.23
6.96
It also highlights the lowest quartile of MLCAPE, and highest quartile of 0-3km Shear that will
be used to define HSLC TOs in the NP.
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Figure 3.2 Boxplot of all TOs SBCAPE across all five regions.

Figure 3.3 Boxplot of all TOs MLCAPE across all five regions.
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Figure 3.4 Boxplot of all TOs 0-1km shear across all five regions.

Figure 3.5 Boxplot of all TOs 0-3km shear across all five regions.
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Figure 3.6 Boxplot of all TOs 0-6km shear across all five regions.

The comparison of the SB and MLCAPE measures in all five regions displayed that the
quartile cut-offs were all higher when using SBCAPE. MLCAPE was much lower and is due to
how it is calculated. MLCAPE represents the mean potential energy conditions available to a
parcel of air located in the lowest 100mb when lifted to the LFC (NOAA NWS, 2000). This also
in turn makes the IQR of MLCAPE lower than SBCAPE. In all regions the MLCAPE mean was
about half as much as the SBCAPE values. The SP IQR of SBCAPE and MLCAPE were within
25 J/kg of each other, but the MLCAPE IQR was still lower.
The comparison of the three shear measures in all five regions demonstrates that the
quartiles increase proportionally as more of the atmosphere is measured. However, in the LMV,
the 0-1km shear IQR is much higher than the 0-3km shear values and is almost as high as the 06km shear values (9.13, 6.46, and 9.30 respectively). For example, the minimum value for 0-1km
shear was 0.32 m/s, and a maximum value for 0-1km shear was 21.19 m/s. Again, the SA
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displayed similar results as what was seen in the LMV. The 0-1km shear IQR is much higher
than the 0-3km shear values and is a slightly higher than the 0-6km shear values (8.36, 6.40, and
8.17 respectively). The minimum value for 0-1km shear was 0.98 m/s, and a maximum value for
0-1km shear was 29.92 m/s. Somewhat similar to the LMV and SA, the UM 0-1km shear IQR is
a little higher than 0-3km shear but is still well below the IQR of 0-6km shear (5.88, 5.22, and
6.96 respectively). This is due to the fact that the 0-1km shear minimum value is 0.57 m/s, and a
maximum value is 16.34 m/s. This illustrates that the 0-1km shear values are being influenced by
extreme values on each side of the distribution in the LMV, SA, and somewhat in the UM, and
therefore makes the IQR so large.
Best Measure of Shear and CAPE
MLCAPE usually gives a more realistic CAPE profile when surface observations and
sounding data are incorrect, while only measuring the potential energy available in the PBL
(Schneider et al. 2006). As more of the atmosphere is being measured, the shear should increase
proportionally. This is the case with the quartiles; however, this is not the case with IQR. The
IQR of 0-1km shear is higher in the LMV, SA, and UM, then the 0-3km shear in those three
regions. Additionally, the 0-6km shear IQR in the SA is smaller than the 0-1km shear. Since IQR
is a measure of statistical dispersion between Q1 and Q3 (25-75%), it can be deduced that the
spread in the datasets of those respective regions are skewing the IQR and making it wider. The
main reasons for the 0-1km shear differences in the LMV, SA, and UM, are probably due to a
very strong low-level jet (LLJ) during the TO occurrence (Mercer et al. 2011, Mercer et al. 2012,
Sherburn & Parker 2014a, Sherburn et al. 2016). Therefore, the strong LLJ in combination with
strong synoptic forcing in the warm sector of an extratropical cyclone caused the 0-1km shear in
those TOs to be very high (Mercer et al. 2012, Sherburn & Parker 2014a, Sherburn et al. 2016).
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HSLC Regional Definitions
Any of the shear measures could be used because they increased proportionally as more
of the shear in the atmosphere was being measured, but it is argued that 0-3km shear is the best.
This is owing to the lowest 3km of tornadic thunderstorms in HSLC environments being very
important for Potential Instability (PI) release, and momentum transfer in a thunderstorm (Davis
& Parker, 2014; Sherburn & Parker, 2014a; Sherburn & Parker, 2014b; Sherburn et al. 2016).
This in turn would increase the robustness of the thunderstorm, and subsequently create greater
chances of creation of a vertically rotating updraft (Davis & Parker, 2014; Sherburn & Parker,
2014a; Sherburn & Parker, 2014b; Sherburn et al. 2016). Ultimately, this led to usage of the 03km shear for composite analysis.
Past research has shown that MLCAPE gives a more realistic instability profile than
SBCAPE and MUCAPE due to daytime mixing of the PBL, and will therefore be used for
defining HSLC TOs, and later composite analysis (Schneider et al. 2006). Table 3.1 illustrates
that the median MLCAPE values of all TOs in each Region are as follows (SP, LMV, SA, NP,
and UM): 1630 J/kg, 930 J/kg, 210 J/kg, 1759 J/kg, and 1744 J/kg. This highlights that the
conditions in each region are much different than the others, and additionally shows that
regionalization will help with the pitfalls of the past static definitions of HSLC. HSLC TOs will
be defined by region with the use of the lowest quartile (Q1) of MLCAPE, and highest quartile
of 0-3km shear (Q3). HSLC TOs were therefore defined using the following cutoffs for each
region (Table 3.1 and Figures 3.7-3.8):
•

SP: MLCAPE < 1175.46 J/kg and 0-3km shear > 17.80 m/s (N = 39)

•

LMV: MLCAPE < 264.78 J/kg and 0-3km shear > 20.39 m/s (N = 23)

•

SA: MLCAPE < 28.50 J/kg and 0-3km shear > 20.80 m/s (N = 6)
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•

NP: MLCAPE < 1001.78 J/kg and 0-3km shear > 17.22 m/s (N = 12)

•

UM: MLCAPE < 867.67 J/kg and 0-3km shear > 17.84 m/s (N = 8)

Figure 3.7 Comparison of HSLC TOs MLCAPE values across the five regions.

Figure 3.8 Comparison of HSLC TOs 0-3km shear values across the five regions.
32

Using MLCAPE and 0-3km shear ten variables were used to make composites. Those
were geopotential heights, temperatures, u-winds, v-winds, and specific humidity (all at 29
different levels), surface pressure, surface temperature, surface specific humidity, surface uwinds, and surface v-winds. Using the cases that met Criteria A, the latitude and longitude of all
cases in each region were averaged (mean). This created a composite domain centered on the
NARR sounding for each TO.

Valid Times of HSLC TOs
A little over half of HSLC TOs in each region occurred between 1800 UTC and 300
UTC, with a peak in TOs at 2100 UTC (Table 3.7 and Figure 3.9).
Table 3.7

Displays the number of HSLC TO cases and the percent between 1800-300 UTC.
Southern
Plains

Number of TO Cases
% between 1800-300 UTC

N = 39
67%

Lower
Mississippi
Valley
N = 23
56%
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South
Atlantic

Northern
Plains

Upper
Midwest

N=6
50%

N = 12
100%

N=8
100%

Figure 3.9 Valid times of the peak activity in HSLC TOs across each of the five regions.

In the SP, LMV and SA it is illustrated that HSLC TOs occur more often overnight than
(SP - 29% more, LMV – 25% more, SA – 27% more). There is a stark difference between the
LMV and SA when compared to the SP and NP. The LMV and SA only have about 50% of
HSLC TOs occurring between 1800 UTC and 300 UTC, which is almost half of what the NP and
UM show. Furthermore, SP has less HSLC TOs occurring between 1800 UTC and 0300 UTC
than those in the NP and UM. The LMV also has a second maximum present at 600 UTC (three
HSLC TOs), further supporting that overnight HSLC TOs in the LMV are more common than in
the SP, NP, and UM. Additionally, the difference in the LMV and SA further supports past
research on HSLC outbreak times, and cool-season tornado events occur more commonly
overnight in the Southeast regions of the United States (Ashley, 2007; Ashley et al. 2008;
Sherburn & Parker, 2014a; Sherburn et al. 2016; King et al. 2017; Childs et al. 2018). Likewise,
the SP having only 67% occurrence of HSLC TOs suggest that these types of outbreaks happen
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more often overnight than when compared to all TOs. Conversely, in the NP and UM, HSLC
TOs occur overnight less than all TOs (NP – 5% less, and UM – 7% less). This is probably
because of how small the sample size is, so it can be argued that the number of HSLC TOs is too
small in the SA, NP, and UM for any valuable conclusions to arise. The sample sizes in the SA,
NP, and UM limit the usefulness of the results because there is not enough data to accurately
represent what defines a HSLC TO in those regions.
Bootstrapping Analysis
The null hypothesis for the MLCAPE and 0-3km shear bootstrapping is that none of the
regions will occur outside of different regions confidence interval (statistical significance). Table
3.8 and Figure 3.10 shows the HSLC TO Bootstrapping values of MLCAPE across the five
regions, and some regions show statistically significant differences using α = 0.05. The LMV
shows statistically significant differences when compared to the SP, NP, and UM. The SA also
shows statistically significant differences when compared to the SP, NP, and UM. This shows
that the LMV’s MLCAPE values are likely different than the SP, NP, and UM, and that the SA’s
MLCAPE values are undoubtedly different than the SP, NP, and UM. This means the null
hypothesis can be rejected when comparing LMV individually to the SP, NP, and UM and can
also be rejected when comparing SA individually to SP, NP, and UM.
Table 3.8

MLCAPE bootstrapping median and confidence intervals.

Southern Plains
Lower Mississippi Valley
South Atlantic
Northern Plains
Upper Midwest

2.5%
380.56
15.24
0.00
321.69
143.15

50%
488.23
42.53
5.91
511.08
369.40
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97.5%
591.83
77.81
13.66
687.85
594.85

Figure 3.10 Bootstrapping comparison of the HSLC TOs MLCAPE values across the five
regions.

However, it is not surprising that the LMV and SA show statistically significant
differences from the SP, NP, and UM, because Reimann-Campe et al. (2009) found that average
and variance of CAPE values are lower in those areas of the United States. This occurs due to the
increase in the sun angle and moisture availability in the Spring and Summer months, which
coincides with the highest CAPE values. The SP, NP, and UM are relatively similar, and
consequently, the null hypothesis still holds for comparison between each of those regions.
Table 3.9 and Figure 3.11 shows the HSLC TO Bootstrapping values of 0-3km shear
across the five regions. The LMV shows that 0-3km shear values are 3-4 m/s higher than the SP,
NP, and UM. In addition, the SA shows that 0-3km shear values are 4-5 m/s higher than SP, NP,
and UM. This is similar to what was said by Davis & Parker, 2014; Sherburn & Parker, 2014a-b;
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Sherburn et al. 2016; and King et al. 2017, who all stated that HSLC TOs are driven by elevated
shear values and areas in the Southeast and South Atlantic typically had higher shear values than
those in other regions. The bootstrapping analysis confirms that the LMV shows statistically
significant differences when compared to the SP and NP, and that the SA also shows statistically
significant differences when compared to the SP and NP. Therefore, the null hypotheses can be
rejected when comparing LMV individually to the SP and NP and can also be rejected when
comparing SA individually to the SP and NP.
Table 3.9

0-3km shear bootstrapping median and confidence intervals.

Southern Plains
Lower Mississippi Valley
South Atlantic
Northern Plains
Upper Midwest

2.5%
20.47
23.26
22.46
19.14
19.67

50%
21.22
24.52
26.09
20.55
21.68
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97.5%
22.08
26.03
31.00
22.17
23.85

Figure 3.11 Bootstrapping comparison of the HSLC TOs 0-3km shear values across the five
regions.
This suggests that shear and CAPE values are very different across each of the five
regions, particularly when the LMV and SA are compared to the SP, NP, and UM. It further
provides support that regionalizing HSLC TO definitions are needed to properly characterize
and/or identify them. Shear is the main driver in HSLC TOs because if strong directional shear
exists in all three dimensions, this can help a thunderstorm create a persistent updraft with a
rotating mesocyclone, even in the presence of only modest CAPE (Schneider et al. 2006;
Sherburn & Parker, 2014; Sherburn et al. 2016, King et al. 2017). Furthermore, it reinforces the
idea that shear and CAPE are both necessary ingredients, but that they can be extremely
different, and an outbreak can still occur (refer to confidence intervals on Tables 3.8 and 3.9).
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CHAPTER IV
COMPOSITES
Composites Analysis and Conclusions
Using the above conclusions, the HSLC definitions for each of the five regions were used
to create composite maps. Each of the five regions have a different number of HSLC TOs, and
88 HSLC TOs met the quartile requirements in total (Table 3.7 and Table 3.8). The composite
maps present 250mb heights and wind speed, 500mb heights and vorticity, 700mb heights and
1000-700mb wind shear, and the 850mb heights, wind speed, temperature, and specific
humidity. These composite maps were chosen because they give a good overview of the
synoptic-scale influences in a HSLC TO.
Southern Plains (SP)
Synoptic-scale features within the SP show some expected signs of a TO including the
positioning of the jet streak (Rose et al. 2004) and the upper-level trough west of the TO region
(Mercer et al. 2011). Figure 4.1a shows the location of the jet stream over the HSLC TO area,
which is located within the left exit region of the upper-level jet streak. The upper-level trough is
present west of the TO area, signifying a pattern in which TOs tend to occur according to Mercer
et al. (2011). In addition, the tilt of the trough at 250mb looks to be neutral, signifying no
weakening or strengthening is occurring. Figure 4.1b shows the 500mb heights and vorticity and
illustrates that there is cyclonic shear vorticity just north of the trough and curvature vorticity in
the trough, therefore CVA is occurring in the HSLC TO region, which helps provide the
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appropriate rising motion associated with the warm sector of an extratropical cyclone.
Additionally, the wind speeds in the 250mb jet streak reach 36 m/s, which signifies strong
synoptic forcing is occurring (Figure 4.1a). Therefore, the HSLC TOs have elevated shear values
(relative to the mean of all TOs, Table 3.1), and is displayed in Figure 4.1c. Additionally, the
mid-level warming seen in Figures 4.1b-4.1d show that MLCAPE is being inhibited during the
outbreak. The 1000-700mb shear values over the HSLC TO centroid is 20 m/s, illustrating high
shear.
Moving to the lower levels of the atmosphere it looks as if the LLJ is collocated over the
HSLC TO region as well, with maximum winds of 16 m/s shown in Figure 4.1d. The
enhancement of the LLJ will provide additional wind shear in the lower levels of the atmosphere,
more moisture, and warmer air. WAA can also be seen over the HSLC TO region in Figure 4.1d
due to higher temperatures and higher specific humidity values seen in the area. Specific
humidity values are maximized in North Texas, suggesting this is where the most moisture is.
Using the orientation of the specific humidity values and temperature values in those two figures
it shows that these events are usually affected by a dryline, which separates moist and dry air.
Additionally, it also illustrates that the winds shift from south to southwest, which usually occurs
along a dryline. These are common incidences in the Southern Great Plains where dryline
thunderstorms are generated throughout the year but are most common during the spring months.
Even though it is similar to “normal” TOs, the upper-level trough present is progressive and
neutrally tilted.
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Figure 4.1 Shows (a) 250mb heights and isotachs (m/s), (b) 500mb heights and vorticity (s^-1),
(c) 700mb heights and 0-3km shear (m/s), (d) 850mb heights, wind barbs (m/s),
temperatures (Kelvin) and specific humidity (kg/kg) for all HSLC TOs in the SP.
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Lower Mississippi Valley (LMV)
Synoptic-scale features within the LMV show some expected signs of a TO that were
also present in the SP. Figure 4.2a shows the location of the jet stream over the HSLC TO area,
which is located within the right exit or right entrance region. The upper-level trough is again
present west of the TO area, similar to the SP (Figure 4.1a and Figure 4.2a). The 250mb trough
appears to be negatively tilted, with a progressive low pressure system encompassing strong
synoptic forcing (Sherburn & Parker, 2016). Figure 4.2b shows the 500mb heights and vorticity
and displays an almost indistinguishable pattern as in the SP. Additionally, the wind speeds in
the 250mb jet streak reach 45 m/s, which signifies strong synoptic forcing is occurring (Figure
4.2a). This suggests that stronger synoptic forcing is taking place in the HSLC TOs in this region
than in SP due to the faster jet streak at 250mb. This would lead to even higher shear values than
what is seen in SP. Figures 4.2b-4.2d illustrate that MLCAPE is being inhibited during the
outbreak due to mid and low level warming. Although similar to the SP, the 1000-700mb shear
in the LMV is maximized at 24 m/s over a couple hundred miles, while the SP has a smaller
maximum of 20 m/s which is not over the HSLC TO centroid (Figure 4.2c). This displays that
more shear is present on average in HSLC TOs in the LMV when compared to the SP.
The lower levels of the atmosphere appear as if the LLJ is collocated over the HSLC TO
region, with maximum winds of 20 m/s, and is more than what is seen in the SP (16 m/s) (Figure
4.2d). WAA is once again present over the HSLC TO region in Figure 4.2d due to higher
temperatures and higher specific humidity values seen in the area. However, the 850mb specific
humidity values at the centroid are only 0.008 g/kg, which is just less than the 0.009 g/kg seen in
the SP. This signifies that the weight of water in a volume of air is less than what is seen in the
SP. This is a surprising result given that the Gulf of Mexico is directly south of the LMV, but
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probably has to do with the fact that when lower CAPE values occur, there is usually lower
moisture (Sherburn & Parker, 2014a; Sherburn et al. 2016). The almost parallel positioning of
the specific humidity values and isotherms, and wind shift from southwest to northwest shows
that the area is usually affected by a cold front, which is the leading edge separating a warmer
and cooler air mass. Cold fronts commonly occur in the LMV, where it is uncommon to
experience a dryline, and contrasts what is seen in SP. The LMV HSLC TO shows similar
characteristics as a “normal” TO, but the upper-level trough present is very progressive and is
negative, which is similar to the Figure 1.5 synoptic schematic.
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Figure 4.2 Shows (a) 250mb heights and isotachs (m/s), (b) 500mb heights and vorticity (s^-1),
(c) 700mb heights and 0-3km shear (m/s), (d) 850mb heights, wind barbs (m/s),
temperatures (Kelvin) and specific humidity (kg/kg) for all HSLC TOs in the LMV
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South Atlantic (SA)
Figure 4.3a reveals the location of the jet stream over the HSLC TO area, which is
located within the right exit region of the upper-level jet streak. The upper-level trough is present
west of the TO area, similar to the SP and LMV. Figure 4.3b shows the 500mb heights and
vorticity and displays the same sort of pattern as in the prior two regions. Moreover, the wind
speeds in the 250mb jet streak reach 33 m/s, which displays less synoptic influence occurring at
250mb then the preceding two regions (Figure 4.3a). However, the 1000-700mb shear in the SA
is maximized at 24 m/s over a couple hundred miles, which is comparable to what was seen in
the LMV, and more than what was seen in the SP (20 m/s). This proposes that strong synoptic
forcing is taking place at 500mb and below, which brings those higher shear values to the area.
Figures 4.3b-4.3d demonstrate that MLCAPE is being inhibited during the outbreak due to mid
and low level warming. The lower levels of the atmosphere demonstrate that the LLJ is
collocated over the HSLC TO region, with a maximum of 20 m/s, and is consistent with the
maximum seen in the LMV (Figure 4.3d). WAA is once again present over the HSLC TO region
in Figure 4.3d due to higher temperatures and higher specific humidity values seen in the area.
The 850mb specific humidity values at the centroid are only 0.008 g/kg, which is just less than
the 0.009 g/kg seen in the SP and is the same as what is seen in the LMV. The almost parallel
positioning of the specific humidity values and isotherms show that the area is usually affected
by a cold front, similar to what is seen in the LMV. Cold fronts commonly occur in the SA and
parallels the LMV. HSLC TOs in the SA show similar features as a “normal” TO, but the upperlevel trough present is very progressive and is negative and is even more progressive and
negatively tilted than what was seen in the LMV.
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Figure 4.3 Shows (a) 250mb heights and isotachs (m/s), (b) 500mb heights and vorticity (s^-1),
(c) 700mb heights and 0-3km shear (m/s), (d) 850mb heights, wind barbs (m/s),
temperatures (Kelvin) and specific humidity (kg/kg) for all HSLC TOs in the SA.
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Northern Plains (NP)
Synoptic-scale features within the NP show very different characteristics than the SP,
LMV, and SA. Figure 4.4a presents the location of the jet stream over the HSLC TO area, which
appears to be located within the entrance region of the upper-level jet streak. Rose et al. (2004)
found that outbreak days in the entrance regions of a jet streak only occurred 23% of the time.
Further investigating into each individual case revealed that all but two (2/12 cases) were
associated with the entrance region. The wind speeds in the 250mb jet streak reach 24 m/s and is
much less than what was seen in the abovementioned three regions (Figure 4.4a). This suggests
weak synoptic forcing is taking place in the HSLC TOs in this region than the previous three
regions. This supports that HSLC TOs in the NP are largely dominated by mesoscale and
thermodynamic processes, rather than strong synoptic-scale patterns present in the previous three
regions. Rose et al. (2004) found that the entrance regions outbreak days occurred along a
developing surface low pressure system with a strong dryline and lee trough. As the surface low
is developing just east of the Northern Rockies there is less synoptic forcing than what would be
present in a mature low pressure system. This would illustrate that mesoscale and
thermodynamic forcing from strong differential heating, outflow boundaries, thermal boundaries,
etc. will influence the HSLC TOs seen in NP. Similar to the three prior regions, the upper-level
trough is present at 250mb, but is positively tilted. This positive tilt shows that the low pressures
system is developing and is less progressive than the former three regions. Similar to the
previous three regions, Figures 4.4b-4.4d reveals that MLCAPE is being inhibited during the
outbreak. The 1000-700mb shear in the SA is maximized at 22 m/s over a very small area, which
is comparable to what was seen in the SP and is less than what is seen in the LMV and SA (24
m/s) (Figure 4.4c). This suggests that strong synoptic forcing is taking place at 500mb and
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below, which brings those higher shear values to the area. The LMV and SA display that the
shear values in those two regions are typically more than what is seen in a HSLC TO in the SP.
The lower levels of the atmosphere give the impression that the LLJ is collocated over
the HSLC TO region; however, with a maximum at the centroid of 8 m/s is way less than the
previous three regions (Figure 4.4d). This illustrates that these HSLC TOs occur more often
during the afternoon/evening hours, than nocturnally (Figure 3.9). WAA is once again present in
Figure 4.4d due to higher temperatures and specific humidity values seen in the area. The 850mb
specific humidity values at the centroid is 0.009 g/kg, which is similar to the SP, and just a bit
more than in the LMV and SA. This suggests that WAA and moisture advection is more intense
in the SP and NP than the LMV and SA. The high temperatures to the west of the highest
specific humidity values, and wind shift from south to southwest displays that this region is
usually associated with a dryline. HSLC TOs in the NP show comparable structures as a
“normal” TO, but the upper-level trough is much less progressive and is positively tilted than
what is seen in the previous three regions. This is surprising as HSLC TOs are usually associated
with very a very progressive and negatively tilted upper-level trough, which illustrates that
mesoscale and thermodynamic processes are more dominate than synoptic forcing.
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Figure 4.4 Shows (a) 250mb heights and isotachs (m/s), (b) 500mb heights and vorticity (s^-1),
(c) 700mb heights and 0-3km shear (m/s), (d) 850mb heights, wind barbs (m/s),
temperatures (Kelvin) and specific humidity (kg/kg) for all HSLC TOs in the NP.
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Upper Midwest (UM)
Synoptic-scale features within the UM are partially similar to the NP, but still contrasts
results in the SP, LMV, and SA. Figure 4.5a shows the location of the jet stream over the HSLC
TO area, which is localized within the left exit region of the upper-level jet streak. The upperlevel trough is present west of the TO area, like the previous four regions. Consistent to the prior
four regions, it illustrates that there is CVA present at 500mb during the HSLC TO (Figure 4.5b).
The wind speeds in the 250mb jet streak reach 33 m/s, and exemplifies that modest synoptic
forcing is taking place in the HSLC TOs and is less than what is seen in the SP, LMV, and SA
(Figure 4.5a). On the contrary, less synoptic forcing is taking place at 250mb in UM than in the
SP. Furthermore, this supports that HSLC TOs in the UM is influenced by mesoscale processes
more than those in the SP, LMV, and SA. However, the mesoscale forcing does look to be less
intense than what is seen in the NP. In addition, the low and mid-level warming seen in Figures
4.5b-4.5d show that MLCAPE is being inhibited during HSLC TOs. The 1000-700mb shear in
the SP is maximized at 24 m/s over a very small area, which is comparable to what was seen in
the LMV and SA, and is more than what is seen in the SP and NP (20 m/s) (Figure 4.5c). This
suggests that strong synoptic forcing is taking place at 500mb and below, which leads to
differences in wind speeds throughout the column, and usually brings higher shear values to the
area.
Additionally, the lower levels of the atmosphere display that the LLJ is collocated over
the HSLC TO region, again consistent with the past four regions (Figure 4.5d). WAA is likewise
present over the HSLC TO region in Figure 4.5d, with the display of high temperature and
specific humidity values. The 850mb specific humidity values at the centroid is 0.009 g/kg, is
similar to the SP and NP, and just a bit more than in the LMV and SA. This suggests that WAA
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and moisture advection is more intense in the SP, NP, and UM than the LMV and SA. Using the
positioning of the temperatures and specific humidity values in those two figures a cold front is
apparent and shows consistency with what is seen in the LMV and SA. HSLC TOs in the UM
show comparable structures as a “normal” TO, but the upper-level trough is less progressive and
is positively tilted, which is a kin to the NP, but different from the SP, LV, and SA. Therefore,
this demonstrates that mesoscale and thermodynamic processes are a bit more dominate than
synoptic processes. This additionally shows that HSLC TOs in the NP and UM are not similar to
what is seen in the SP, LMV, and SA. Therefore, those in the NP and UM need to be put in a
different category of HSLC TOs than what is usually seen in the SP, LMV, and SA.
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Figure 4.5 Shows (a) 250mb heights and isotachs (m/s), (b) 500mb heights and vorticity (s^-1),
(c) 700mb heights and 0-3km shear (m/s), (d) 850mb heights, wind barbs (m/s),
temperatures (Kelvin) and specific humidity (kg/kg) for all HSLC TOs in the UM.
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CHAPTER V
DISCUSSION
The goal of this research was to define HSLC TOs with the use of quartiles, and
regionalize the HSLC definition since the single, broad definition does not characterize HSLC
events well for all regions. Past definitions have used static definitions, but it is argued that
letting the data drive the HSLC TOs is a better way to define them. The data used for HSLC TO
analysis was ultimately MLCAPE (lowest quartile) and 0-3km shear (highest quartile), where
those measures of CAPE and shear were found to have the most support from past research
(Sherburn & Parker, 2014a; Sherburn et al. 2016; King et al. 2017). Five regions were used in
this study (Figure 1.6), where synoptic composites were created to find out the observed
characteristics in HSLC TOs.
One of the first characteristics seen in the 250mb composite maps across four of the
regions was that a HSLC TO was most common in the exit regions of the jet streak, where Rose
et al. (2004) found that TOs occur in roughly 76% of jet streak exit regions. Furthermore, this is
supported by Clark et al. (2009), Sherburn et al. (2016), and Sherburn & Parker (2016).
However, in the NP the HSLC TO centroid appeared to be in the entrance region of the upperlevel jet streak. This is uncommon, although Rose et al. (2004) found that 23% of outbreak days
occurred in the entrance regions. He also found that the entrance region TOs are developing, and
usually have less synoptic forcing (Rose et al. 2004). Additionally, digging into the individual
cases it was found that most (10/12) HSLC TOs in the NP occurred in the entrance regions of an
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upper-level jet streak and was likely dominated by mesoscale forcing mechanisms such as
differential heating boundaries, thermal boundaries, outflow boundaries, etc.
Supplementary synoptic-scale features such as CVA, WAA, an upper-level trough west
of the TO region, and a strong LLJ at 850mb was present in the composites. The collocation of
the LLJ over the HSLC TO centroid in each region illustrates that a healthy moisture plume is
usually provided at 850mb. The CVA in the UM was higher than the four previous regions, and
the NP had weaker CVA than in the SP, LMV, and SA. Valid times of TOs concluded that the
majority of all TOs in each region occurred between 1800 UTC and 300 UTC (Figure 3.1). Valid
Times of HSLC TOs were similar to what was seen with all TOs; however, the LMV has a
second maximum at 600 UTC (Figure 3.9). This secondary maximum shows that HSLC TOs are
more common overnight and have a higher probability of occurrence than in SP, NP, and UM.
Bootstrapping also showed interesting characteristics. MLCAPE values in the LMV and
SA demonstrates lower values than those in the SP, NP, and UM. 0-3km shear shear values in
the LMV and SA display higher shear values when compared to the SP, NP, and UM. This
confirms that shear and CAPE values are very different across each of the five regions. It also
appears that HSLC TOs are being produced due to a strong forcing mechanism in unison with
high shear to make up for the lack of buoyancy. This further provides support that regionalizing
HSLC TO definitions are needed to properly characterize and/or identify them. The LMV and
SA having higher shear values then the remaining regions was similar to what was found by
Davis & Parker (2014), Sherburn & Parker (2014a-b), Sherburn et al. (2016), and King et al.
(2017). They all showed that HSLC outbreaks are primarily driven by elevated shear values
because they can tilt the updraft into the vertical with the presence of little CAPE. Accordingly,
this means that the shear and CAPE values can be vastly different in HSLC TOs.
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However, many differences in wind speed at 250mb and 500mb were seen, across the
five regions. The SP, LMV, and SA all had a faster jet streak, which illustrates that strong
synoptic influence is taking place at the 250mb and 500mb levels. However, the NP appeared to
have weaker synoptic influence at those levels due to lower wind speeds, when compared to the
SP, LMV, and SA. UM had less synoptic influence at 250mb then all but the NP, and 500mb
influence similar to what was seen in the SP, LMV, and SA. The 1000-700mb shear showed that
the shear in the LMV and SA was more than what was seen in the SP and NP. However, the UM
had comparable shear values to what was seen in the LMV and SA. Therefore, the HSLC TOs
have elevated shear values (relative to the mean of all TOs, Table 3.1). Furthermore, this shows
that the LMV, SA, and UM all had similar amounts of synoptic influence, and more than those in
the SP and NP.
More differences can be seen when looking at 850mb level. The temperatures increasing
while humidity values decrease, displays that the SP and NP are most commonly affected by a
dryline. The isotherms and specific humidity values decreased in unison confirms that the LMV,
SA, and UM are usually affected by a cold front. Furthermore, the LLJ in the LMV, SA, and UM
is a couple m/s faster than both the SP and NP regions. Finally, the 850mb heights display that
all five regions have the HSLC TOs occurring to the east of the 850mb low. This is commonly
seen in other TOs and is supported by geographic dependence on outbreak configuration (Mercer
et al. 2011).
HSLC TOs in each region vary immensely. The HSLC TOs in the SP and NP match
close to what is usually seen during a “normal” TO. Conversely, the HSLC TOs in the LMV and
SA are very progressive and usually have a negatively tilted trough. The UM does not fit into
either of these categories, because the outbreaks usually occur along a cold front, but are
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neutrally tilted. The characterization of HSLC TOs by region showed that both the MLCAPE
and 0-3km shear bootstrapping showed statistical significance when the LMV was compared to
the SP, and NP, and when the SA was compared to the SP, NP, and UM. This demonstrates that
regionalization is necessary because of the variation in MLCAPE and 0-3km shear. This
provides the groundwork work for a future index, which uses the regional definitions of HSLC
TOs (Table 3.1 and Figures 3.7-3.8).
The aforementioned research validates HSLC TOs through definitions and various
regionalization schemes. It is more advanced than earlier research (shown with bootstrapping
results) using a static definition across the United States, characterizes the synoptic-scale patterns
of HSLC TOs more extensively, and found that the LMV and SA have a progressive and
negatively tilted 500mb trough (Sherburn & Parker, 2016). Additionally, using the quartile
definitions established in this paper could lead to the creation of a parameter/index in each region
for usage in forecasting of HSLC TOs. Also, if one investigated the HSLC TO centroids to see
where they are most common, and if they are shifting eastward as some past research has hinted
at, it would further validate that past research (Moore, 2017; Gensini & Brooks, 2018; Moore,
2018; Seager et al. 2018; Moore and McGuire, 2019). This research identifies the synoptic-scale
characteristics of HSLC TOs in each of the five regions, which can be applied to forecasting of
these types of events.
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